Intestinal iron-transport defect in the mouse with sex-linked anemia. Am. J. Physiol. 220(l) : 135-139. 1971 .-Everted duodenal gut sacs prepared from mice with sex-linked anemia (sZa) have a defect in the serosal transfer step of the active transport mechanism for iron that prevents the establishment of concentration gradients across the intestine greater than 1.0. The defect is present in hemizygous males and homozygous females and is not anemia dependent. Heterozygous, carrier females have a partial serosal transfer defect, suggesting partial dominance of the sla gene. Duodenal loops in vivo also demonstrate the serosal transfer defect in sla mice, transferring decreased amounts of 5gFe from the intestine into the blood. More distal segments of sla intestine do not have enhanced iron transport to compensate for the defect in the duodenum.
Calcium, galactose, and proline transport are normal in gut sacs prepared from sla mice. Stimuli resulting from increased iron needs, a low iron diet, or pregnancy fail to increase iron transport by duodenal gut sacs from sla mice in contrast to the marked increase in transport by sacs from normal mice. iron absorption; active transport; genetic defect EVERTED 
IN VITRO DUODENAL
GUT SACS from normal mice demonstrate an active transport mechanism for iron similar to that described in the rat (8). The transport process consists of at least two steps: mucosal uptake of iron followed by serosal transfer with resultant iron concentration ratios, serosal medium/mucosal medium, as great as 6.6. In contrast, duodenal gut sacs prepared from mice with sex-linked anemia (sla) (4) cannot establish 5gFe concentration gradients across the intestinal wall significantly greater than 1.0 despite normal mucosal uptake (9). This defect is specific for the serosal transfer of iron and is not anemia dependent.
The present report describes further experiments with normal
and sla mice which demonstrate that the serosal transfer defect in sla mice also occurs in vivo, does not affect calcium, galactose or L-proline transport and renders the sla mouse intestine nonadaptive to the need for iron. Furthermore, partial dominance of the sla gene is suggested by the incomplete serosal transport defect found in heterozygous (sZa/ +) females.
METHODS

Hemizygous
males (sZa/ -) and homozygous females (sZa/sZa) were progeny of (sZa/-) male and (sZa/sZa) female matings. Heterozygous females (sZa/+) were obtained from (sZa/ -) male crosses with normal (C57/BL) females. BALB/c males and females were used as normal controls. Everted gut sacs, approximately 4 cm long, were prepared from unfasted mice as previously described (8). The sacs were filled with 0.4 ml of medium with the following composition, in moles per liter: NaCl, 0.145; CaC12, 0.0001; D-mannose, 0.04; Tris buffer, 0.004, pH 7.4 (Sigma Chemical Co., St. Louis, MO.); and freshly prepared sodium ascorbate, 0.008. Each sac was incubated in 2.5 ml of the same medium in a 25-ml Erlenmeyer flask plus 0.05 pmoles of FeSO4 (final concentration, 2 X 10m5 M FeSO4) and sufficient 5gFeC1 3 to provide adequate counting rates in a well-type scintillation counter. The flasks were incubated under oxygen for 2.5 hr at 37 C in a Dubnoff incubation apparatus.
After incubation, the sacs were removed, drained, and the inside and outside media were analyzed as previously described (8). The average recovery of serosal fluid was 98 % (range 78-l 15 %) of the initial volume.
At least five gut sacs were tested for each variable and the average figures =t 1 SD are given in RESULTS.
The net transport of 5gFe was calculated as follows: net serosal transfer equaled the total 5gFe recovered in the serosal medium after incubation; net mucosal uptake was equal to the difference between the total initial 59Fe in the mucosal medium and the total 59Fe recovered in the mucosal medium after incubation. In order to exclude the possibility of isotope exchange with endogenous iron and resultant changes in medium specific activity, inside and outside media from four groups of five gut sacs were pooled in two experiments and chemical iron was determined using the a, cr'-dipyridyl method of Ramsay (16). During the incubation, the initial specific activity of the mucosal medium decreased approximately 15 %; but the final specific activities of the serosal and mucosal media were approximately equal, indicating relatively little exchange of isotopic iron for stable tissue iron. The volume and iron concentration of the media were insufficient for the routine determination of chemical iron and only 59Fe data are reported here. The absolute values of net transport in similar groups of animals in separate experiments may vary since the data were not adjusted for different initial mucosal medium specific activities.
The methods for the study of 45Ca, proline, and galactose transport previously described (5) were modified for the present experiments as follows : duodenal gut sacs 3.5 cm long were filled with 0.4 ml of the standard medium with a final calcium concentration of 4 X 10-S M and substituting fructose for glucose; the sacs used for galactose and proline transport were 5.5 cm long and were filled with 0. by phenylhydrazine-induced hemolysis, also results in increased iron transport by everted gut sacs prepared from the intestinal segment just distal to the proximal duodenum (11). It was of interest, therefore, to study the distribution of the iron-absorptive mechanism in more distal segments of the sla mouse intestine in order to establish whether adaptive changes in other areas of the sla intestine might compensate for the duodenal defect described previously (9). The entire small intestine was removed from four normal and four sla male mice, and four everted gut sacs were prepared from the following segments: one sac from the proximal duodenum, a second sac from the adjacent segment, the third from a segment approximately 60 % distal to the pylorus, and the fourth from the distal ileum. The sacs were incubated and analyzed as described in METHODS, and the results, expressed as the final concentration ratios, are shown in Fig. 1 . Only the sacs from the proximal 4 cm of duodenum from normal mice established final concentration gradients greater than 1.0. The absorptive defect in the sla duodenum is apparent from the inability to establish a concentration ratio greater than 1.0. Furthermore, the more distal segments of sla intestine failed to demonstrate any compensatory increase in iron transport.
The inability to establish concentration gradients, both in sacs from the entire sla intestine and the more distal normal intestine, was related to a decreased serosal transfer of iron only; mucosal uptake of iron remained normal in all instances. The mucosa of normal duodenal sacs took up 44.1 counts/min X lo3 of 5gFe per gut sac compared to a mucosal uptake of 42.6 for the sla duodenum.
In contrast, normal duodenum transferred 3.3 counts/min X 10" of 5gFe per gut sac to the serosa compared to only 1.2 for the sla sacs. More distal sacs from normal intestine took up from 36.840.6 counts/min X 103 of 5 gFe per sac compared to 43.3-44.0 for the sacs from sla intestine (the difiFerences are not statistically significant), while the serosal transfer ranged from 0.5 to 1 .O for the normal sacs and from 0.3 to 0.7 for the sla sacs. In vivo transport. Since the serosal transfer of iron in vitro corresponds to the movement of iron out of the intestinal mucosa into the circulation in vivo (7, 8) , experiments with sla mice were carried out using duodenal loops in vivo to determine if the absorptive defect could be demonstrated in the intact mouse. Duodenal loops were prepared in normal and h .omozygo us sla fema .e mice under ether an .esthesia as previously described (8). The results shown in Table  1 indicate no difference in the mucosal uptake of iron between normal and sla duodenal loops. However, there is a 20 % decrease in the amount of 5gFe transferred to the blood by the sla loops. Thus, in vivo, as well as in vitro, sla duodenum demonstrates a selective absorptive defect in the serosal transfer step of the iron-transport mechanism.
Genotype. Both anemic genotypes, hemizygous (sZa/ -) males and homozygous (sZa/sZa) females, demonstrate the serosal transfer defect described earlier (9). Hematologically (1, 6) normal heterozygous (sZa/+) female mice might therefore be expected to have relatively normal iron transport. In the experiments illustrated in Table 2 , duodenal gut sacs were prepared from heterozygous sla mice and the results obtained were compared to those from sacs prepared from normal control and homozygous sla females. The mean hematocrits at sacrifice were 47, 47, and 41% for the normal, heterozygous, and homozygous groups, respectively.
Whereas the mucosal uptake of 5gFe was the diet remained anemic, however, whereas the sla mice on the 0.06 % Fe diet partially corrected their anemia by the time of sacrifice (mean hematocrit 40 and 45 %, respectively).
The normal group demonstrated the expected enhancement of the transport mechanism when the dietary iron content was decreased from 0.06 to 0.006 %. Serosal transfer increased threefold while mucosal uptake increased only 10 %. In contrast to the gut sacs from normal mice however, sla gut sacs did not show any adaptive changes in the iron-transport mechanism. Both steps remained relatively unchanged despite the 1 O-fold difference in dietary iron content. The marked increase in serosal transfer in the control group was reflected by the establishment of a concentration ratio of 5.7 on the low-iron diet compared to a ratio of 0.8 on the high-iron diet. The increase in I/O ratio (concentration inside medium/outside medium) from 1 .O to 1.3 by the sla group on the low-iron diet, is not statistically significant. The sla intestine, therefore, fails to demonstrate the normal adaptive characteristics of the iron-transport mechanism when exposed to diets of varying iron composition.
Pregnancy. Pregnancy increases the requirement for iron and causes marked stimulation in the intestinal absorption of iron both in vivo and in vitro (10, 13). Duodenal gut sacs from pregnant rats double their serosal transfer of iron c same for all three groups, the serosal transfer was decreased 44 and 63 % in the heterozygous and homozygous groups, respectively.
Despite the decrease in serosal transfer by the sacs from the heterozygotes, sufficient transfer of 5gFe occurred for a final mean concentration ratio of 1.7 to be established, indicating a diminished, but functioning, active transport mechanism. In contrast, the sacs from the homozygotes were unable to transfer sufficient 5gFe to establish concentration gradients greater than 1 .O. These results suggest the partial dominance of the sla gene on the serosal transfer step of the active transport mechanism for iron.
Diet. Rat intestine adapts to the need for iron as shown in gut sacs from rats fed low and high iron diets (10). A high-iron diet results in an overall decrease in iron transport associated with a relatively greater effect on the serosal transfer than on the mucosal uptake of the transport mechanism. Accordingly, groups of 7-week-old normal and sla male mice were fed synthetic diets containing 0.006 and 0.06 % Fe in order to evaluate the adaptation of the intestinal transport in normal and sla mice. After 2 weeks, the mice were sacrificed and iron transport was studied by the standard methods with duodenal gut sacs and the results are illustrated in Fig. 2 . At sacrifice, the mice weighed 21-27 g without any significant differences between the groups. The 0.006 % Fe diet did not produce anemia in the normal mice (mean hematocrit 49 compared to 48 % for the 0.06 % iron-diet group). Anemic SZa mice on the low-iron whereas mucosal uptake is stimulated only about 6 %. It was of interest, therefore, to determine whether gut sacs from pregnant sla mice would show this adaptive response in their transport mechanism.
Groups of six gut sacs from the following nonpregnant and pregnant genotypes were tested : normal (+/+), heterozygous (sZa/+), and homozygous (sZa/sZa) mice; and the results are shown in Table 3 . Pregnancy resulted in greater than a 300 % increase in serosal transfer of 5gFe in normal mice, concomitant with a small, 5 % increase in mucosal uptake. The partial defect in the serosal transfer mechanism in the heterozygotes resulted in only a 125 % increase in this group, associated with an increase in the final concentration ratio from 1.6 to 3.4. In contrast, the homozygous group had a much smaller, approximately 33 %, increase in serosal transfer. This was still insufficient to establish 5 gFe concentration gradients across the intestine significantly greater than 1.0. The failure of pregnancy to stimulate the sZa/sZa intestine sufficiently to establish 5 gFe concentration gradients greater than 1.0, suggests that the defect is complete and renders the iron-transport mechanism incapable of responding to this stimulus for increased iron absorption. 0 ther transport mechanisms. Calcium and the transportable hexose, galactose, inhibit iron transport in vitro by rat gut sacs predominantly by competing for the serosal transfer step of the iron-transport mechanism (8). Since this step is defective in sla mice, it was of interest to study calcium and galactose transport in everted gut sacs from these mice. Preliminary experiments with normal mice indicated transport of calcium and galactose was maximal in the proximal duodenum and mid-ileum, respectively. Accordingly, gut sacs were prepared from the appropriate intestinal segments of normal and sla male mice, and the results are shown in mid-ileal sacs from normal, heterozygous, and homozygous sla female mice showed no difference in proline transport among the respective groups (Table  5 ). These data confirm the hypothesis that the genetic defect in the sla intestine is specific for the serosal transfer step of the iron-transport mechanism only, and is not part of a more generalized transport or metabolic defect.
DISCUSSION
Falconer and Isaacson (4) reported the discovery of sex-linked anemia in the descendants of an irradiated mouse in 1962. At the same time, the characteristics of the anemia were first described by Grewal (6). Later reports by Pinker ton et al. (14, 15) further characterized the anemia, the tissue iron stores, and various other hematologic features of the sla mouse. They further postulated a hereditary defect in iron absorption in sla mice, based primarily on the demonstration that these mice retained less of an oral dose of 5gFe than normal mice when total body counts were followed for 5-10 days (14, 15). Subsequently, the first direct evidence of the specific defect in serosal iron transport insla mice was demonstrated using an in vitro gutsac technique (9). The present report provides additional data characterizing the properties of the genetic irontransport defect in the intestine of the sla mouse.
The defect is demonstrable in vivo as well as in vitro and renders the sla gut nonadaptive to the need for iron. The defect is present only in the duodenum, that intestinal segment demonstrating active transport by the establishment of in vitro iron concentration gradients greater than one. The remainder of the sla intestine appears to be normal in respect to iron absorption and other active transport mechanisms such as calcium, galactose, and proline. Finally, the sla gene appears to be partially dominant, rendering heterozygous female carriers partially defective in iron transport. 
